Background: Cerebral structures in both cortical and subcortical regions change with aging. More specific and comprehensive studies are needed to better elucidate these changes. PURPOSE: To investigate the relationships between age and cerebral structures regarding cortical and subcortical changes. Study Type: Cross-cohort research. Population: 54 healthy adults (28 females) aged 21-71 years. Field Strength/Sequence: T 1 -weighted imaging was performed at 1.5T. ASSESSMENT: The cortical thickness, local gyrification index (LGI), and the volumes of total gray matter (GM), white matter (WM), white matter hyperintensity (WMH), deep gray matter nuclei (putamen, pallidum, thalamus, caudate, amygdala, accumbens area, and hippocampus), ventricles, and hippocampal subfields were obtained using FreeSurfer software. Statistical Tests: Regression analysis was performed to determine the relationships between age and cortical thickness, LGI, and volumes of subcortical structures. Uncorrected P values 0.001 and R 2 > 0.16 were considered significant. Results: The cortical thickness and LGI decreased with age throughout almost all brain regions (R 2 > 0.16; P 0.001). Except for the volumes of the WM and 4th ventricle (R 2 < 0.16; P > 0.001), the volumes of the GM, WMH, lateral ventricle, inferior lateral ventricle, and 3rd ventricle showed a nonlinear correlation with aging (R 2 > 0.16; P 0.001). For deep gray matter nuclei, the thalamus volume was significantly decreased with aging (R 2 5 0.256; P 5 0.001). Additionally, the hippocampus volume was initially increased and then decreased at age of 50, mainly in the granule cell layer of the dentate gyrus (GC-DG), cornus ammonis 2/3 (CA2/3), CA4, and fissure (R 2 > 0.16; P 0.001). The volumes of the putamen, pallidum, accumbens area, amygdala and caudate showed no significance with aging (R 2 < 0.16; P > 0.001). Data Conclusion: The results comprehensively show the relationships between age and cerebral structures in multiple brain regions, and these findings may help identify normal aging and other age-related neuroradiological disorders. Level of Evidence: 2 Technical Efficacy: Stage 3
psychosis and neuropathy. 5, 6 For example, Nanda et al 5 reported significant hypogyria in the left rostral anterior cingulate in schizophrenia and in the right superior temporal and inferior parental regions in schizoaffective disorder. And all, it is necessary to study the cortex changes with aging to explore aging-delayed methods and aging disorder treatments.
Previous studies have confirmed a decline with aging in the total gray matter (GM) volume. 7, 8 However, the correlation of aging with total white matter (WM) volume has varied between studies. Several studies showed a significant increase at the beginning and after middle age followed by a steady decline with age, 9,10 while there was another study found no significant effect of aging on WM volume.
11
Deep GM nuclei are closely related to neuroradiological disorders. Huang et al 12 found a decreased volume in the left putamen, caudate and thalamus in first-episode schizophrenia patients with delusions. In Alzheimer's disease patients, Jiji et al 13 confirmed a significant reduction in the caudate volume. Regarding aging, the results of studies on the effect of age on the volume of seven deep GM nuclei have not been consistent. [14] [15] [16] Walhovd et al 14 found that age had a significant effect on seven nuclei (the seven nuclei included in the study were as follows: caudate, accumbens area, hippocampus, amygdala, pallidum, putamen, and thalamus). However, other researchers reported different results. Cherubini et al 15 observed a dramatic change in the volume changes in the thalamus, putamen and caudate; without a significant association with age in the hippocampus, amygdala, pallidum, and accumbens areas. Long et al 16 found moderate atrophy in the thalamus, accumbens, pallidum, and putamen; the hippocampal volume slightly increased at 40 years and decreased after the age of 50 years. The hippocampus plays an important role in the human brain due to its structural and functional relevance to cognition and memory-related diseases. 17, 18 However, currently, few studies have reported the changes in the hippocampal subfields with aging. A clear understanding of the relationship between the volume of deep nuclei and age is necessary to identify the difference between normal aging and psychotic and neuropathic disorders related to age. In this study, we performed a surface-based morphometry (SBM) technology on 54 normal adults aged 21-71 years to: (i) investigate the relationships between age and cerebral cortical and subcortical structures, (ii) explore the volume changes in hippocampal subfields with aging, (iii) provide a reference for easier separation of pathological processes by obtaining reference values due to healthy aging.
Materials and Methods

Participants
Fifty-four volunteers aged 21-71 years (28 females; mean age 6 SD 5 43.3 6 14.9 years) were included in the study. This study was approved by Institutional Review Board, and written informed consent from the subjects was obtained.
The inclusion criteria were the following: (i) no drugs related to neuroradiological disorders taken in the past 3 months, (ii) no history of head injury or brain surgery, (iii) no family history of neuroradiological disorders, (iv) no obvious artifacts affecting the image quality, (v) no MRI scan contraindications.
Data Acquisition
All imaging data were acquired using a 1.5T GE Signal HD xt MRI scanner (General Electric, Milwaukee, WI) with an eight-channel, head-phased array coil. Professional anti-noise earplugs and sponge pads were used to protect hearing and reduce motion artifacts. T 1 -weighted imaging was performed using a three-dimensional fast gradient spoiled gradient-echo (FSPGR) sequence. The detailed parameters were as follows: echo time (TE) 5 2.948 ms; repetition time (TR) 5 9.16 ms; slice thickness 5 1.2 mm; spacing 5 0.6 mm; matrix 5 256 3 256; field of view (FOV) 5 240 3 240 mm 2 ; and number of excitation 5 1. The total acquisition time was 3 min 52 s.
Image Preprocessing
All the images were assessed by two physicians (Liu Y, Yuan Z) with more than 5 years of experience to rule out artifacts or asymptomatic neuroradiological disorders. Structural MRI data were processed using SBM by FreeSurfer 6.0 (http://surfer.nmr. mgh.harvard.edu), which is a freely available software package that can provide a three-dimensional reconstruction of the cortical surface and automatically segment the intensity values of the subcortical structures. The data preprocessing steps mainly included the following steps: motion correction, brain extraction, Talairach transform computation, and intensity correction 19 ; GM, WM, and cerebrospinal fluid (CSF) were segmented, and the brain was divided into two hemispheres with 40,962 vertices in each hemisphere; tessellation of the GM/WM boundary 20 and inflation and registration of the cortical surface were performed. Surfaces were parcellated into regions of interest defined by the Desikan atlas, 21 as shown in Figure 1 . The cortical thickness is defined as the distance between the gray/white boundary and gray/CSF boundary.
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The local gyrification index of every region was calculated using the default settings in FreeSurfer, and the local gyrification index is defined as the ratio of the total pial surface area to the outersmoothed surface area. 23 Volume measurement of the subcortical structures, including seven deep GM nuclei (putamen, pallidum, thalamus, caudate, amygdala, accumbens area, and hippocampus) and ventricles (lateral ventricle, inferior lateral ventricle, third ventricle, and fourth ventricle) was performed using a similar program. The maps of seven deep GM nuclei and ventricles are shown in Figure 2 . The volumes of the total GM, WM, and WMH were obtained at the same time.
Hippocampal subfields were automatically segmented using FreeSurfer combined with MATLAB Runtime (https://surfer.nmr. mgh.harvard.edu/fswiki/MatlabRuntime), and the segmentations are shown in Figure 3 . The total subfields included the following parts, CA1, CA2/3, CA4, molecular layer, alveus, GC-DG, HATA, tail, subiculum, presubiculum, parasubiculum, and fimbria. The contrast between the subfields CA2 and CA3 could not be distinguished on MRI; thus, they were combined in the study, and the alveus was removed due to its thin shape and unreliable segmentation. 24 In this study, we defined the volume of the hippocampal subfields as the sum of the left and right regions.
Statistical Analysis
Two methods are used to measure the cortical thickness and LGI: pointwise and regional analyses. In the former method, the surface is defined by 40,962 vertices in each hemisphere. In the latter method, the regions of interest based on the Desikan atlas in each hemisphere are segmented. 21 In the study, regional analysis was performed.
In the total sample, there were slightly more females than males (female: male 5 28:26). We compared the mean age between female and male using independent-samples t-test in SPSS (mean age of female 5 41.46, mean age of male 5 45. 19) , and the difference of mean age between two groups was not significant (t 5 -0.919; P 5 0.362); thus, gender was not considered in this study. The relationships between age and the values of the cortical thickness and LGI, as well as the volumes of the subcortical structures, were analyzed using regression analysis in IBM SPSS software (Armonk, NY, v. 22.0). To correct for variation of head sizes between individuals, we calculated the normalized volume of GM, WM, WMH, and subcortical structures by dividing volume values by the estimated total intracranial volume (eTIV). In regression analysis, we applied total two models, linear and quadratic models, for curve estimation to get the correlation relationships with aging. All the results were statistically significant at uncorrected P value 0.001. And the cutoff value of correlation coefficient (R) is set at 0.4, i.e., R 2 is significant statistically at the level of 0.16 in this study.
Results
Cortical Thickness and LGI
The results of the correlations between age and cortical thickness are shown in Table 1 . A significant decline with aging was found throughout almost the entire brain, especially in the temporal lobe and frontal lobe, and the least effect was found in the occipital lobe. Age effects were strongest (R 2 > 0. LGI of almost the entire brain showed a significant decline, as shown in Table 2 . The frontal lobe changes were particularly significant. Throughout all the regions, the strongest significance (R 2 > 0.25) was found in the postcentral (L: 
Subcortical
Linear and quadratic regression analyses were performed to assess the relationships between age and subcortical volume. The relationships between age and deep GM nuclei volume were shown in Figure 4 . All deep GM nuclei may be best fit to a quadratic trend, except the putamen and pallidum. Table 3 . Similarly, the volume of the ventricles, total GM, total WM, and WMH were acquired for every subject. As shown in Figure 5 and Table 3 , a quadratic relationship was better fit for these regions (R P < 0.001) and WMH (R 2 5 0.250; P 5 0.001) followed a nonlinear increase with age. The total GM volume showed a negative correlation with age (R 2 5 0.378; P < 0.001).
With aging, the volumes of the 4th ventricle and WM were in line with a quadratic trend with larger R 2 and smaller P
L ; P L < P Q ), but no significant difference (4th: R 2 5 0.043; P 5 0.325; WM: R 2 5 0.090; P 5 0.090).
Hippocampal Subfields
Quadratic analysis was performed on hippocampal subfields, and the significance is shown in Table 4 . Subfields with a strong age effect included the hippocampal fissure, CA2/3, CA4 and GC-DG subfields. As shown in Figure 6 , the volume showed a positive relationship between fissure and age (R 2 5 0.248; P 5 0.001). The volumes of CA2/3 (R 2 5 0.300; P < 0.001), CA4 (R 2 5 0.332; P < 0.001) and GC-DG (R 2 5 0.321; P < 0.001) were significantly 
Discussion
We comprehensively investigated the relationship between brain structure and age regarding cortical and subcortical parameters, including the cortical thickness, LGI, total GM, WM, WMH, deep GM nuclei, ventricles, and subfields of the hippocampus. The cortical thickness and LGI decreased throughout almost all brain regions with age. Except for the total WM volume and 4th ventricle, the volume of the total GM, WMH, lateral ventricle, inferior lateral ventricle, and 3rd ventricle showed a nonlinear correlation with age. For deep GM nuclei, the thalamus volume significantly decreased with increasing age. Additionally, the hippocampus volume increased initially and then decreased, mainly in the fissure, CA2/3, CA4, and GC-DG subfields. The cortical thickness decreased throughout almost all brain regions with age, which was consistent with those of previous studies. 25, 26 In our study, the effect of age was greater in the temporal and frontal lobes and lowest in the occipital lobe, which has also been confirmed by Hogstrom et al 25 Especially, in their study, the strongest aging effects on brain regions were found in rostral middle frontal cortex, dorso-medial prefrontal cortex, medial parts of superior frontal gyrus, and precentral gyrus; weaker effects in bilateral insula and cingulate gyrus. However, it was worth noting that they found a weaker positive effect of age in the right lateral occipital lobe, while we found a negative effect of age in the left lateral occipital lobe and right cuneus in the occipital lobe. These differences may be related to individual differences and the inconsistent statistical methods. They used the pointwise analysis, while regional analysis for us. In addition, we also compared our results with agerelated disorders. For example, compared with the controls, Park et al 4 revealed significant differences in the left superior temporal and left supramarginal regions in patients with Alzheimer's disease. In our study, we also found obvious significance in two regions. Pietracupa et al 27 also observed a significant decline in superior frontal and precuneus in Parkinson's disease, which was also found in our study. Thus, it is also necessary to consider various factors in the diagnosis of neurodegenerative diseases. Regarding the changes of LGI, we found it correlated with age in negative effect in multiple brain regions, which were also observed in previous studies. 25, 28 Hogstrom et al 25 found that LGI significantly decreased in the postcentral, supramarginal, and inferior parietal lobes, the same as our results; while they did not find an obvious decline in rostral anterior cingulate which was observed in our study. This may be due to our different population and living environments. All subjects in their study were native Norwegian speakers, while Chinese were included in our study. A recent study by Green et al, based on 48 healthy adults aged 18-68 years, indicated a positive correlation between working memory and the LGI in parieto-frontal regions, spanning portions of the frontal lobe, parietal lobe, occipital, temporal lobe, and cingulate cortex. 29 We might speculate that
LGI in most regions decreased with aging, which further led to the decline of memory. In another report, the average local gyrification trajectory followed a logarithmic function with age from 4 to 83 years. 28 Due to lack of the subjects aged 4-20, we did not find a logarithmic relationship and studies are required in the future for the development. The total GM volume significantly decreased with aging, a finding that has been confirmed by much evidence. 8, 30 For the total WM volume, significant changes were not found in the present study. However, some studies found that the total WM volume was related to age. 9, 10 In both men and women, Taki et al 9 showed a second-order polynomial function relationship between age and the total WM volume that increased until 50 years and subsequently decreased. We found a similar trajectory in the WM volume, likely because the number of subjects was not sufficiently large, this finding was not significant. In addition, in the present study, a positive correlation was observed between the WMH volume and age. A previous study The volume of the region was significantly correlated with aging (P 0.001).
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performed by Wiseman et al, confirmed the volume of WMH indirectly affects cognitive ability. 31 The relationship between cognitive ability and network metrics was partly mediated by WMH volume; in other words, a greater volume of WMH was accompanied with poorer structural connectivity, which further led to cognitive ability decline. 31 Except for the 4th ventricle, the volumes of the lateral ventricle, inferior lateral ventricle, and 3rd ventricle were nonlinearly increased with age. Narvacan et al, 10 in 406 subjects aged 5-83 years, found a nonlinear increase in the ventricle volume with age. In another study, Inano et al 32 found that the lateral ventricle and inferior lateral ventricle were quadratically related to age, and no effect of age was found concerning the 4th ventricle. In contrast, the 3rd ventricle was linearly related to age, and this trend was likely due to our limited numbers of subjects. The volumes of the thalamus and hippocampus were highly correlated with age in our study. Hughes et al 33 also
observed that the entire thalamic volume significantly decreased, as well as, Good et al 34 suggested that the volume decline of the hippocampus and thalamus was related to increasing age, which were consistent with our results. Inano et al 32 also found similar results. They reported a linear correlation in the putamen and accumbens areas and a quadratic correlation in the thalamus, hippocampus, and amygdala. To some extent, we also found a similar trend; The volume of the region was significantly correlated with age (P 0.001).
however, due to our limited number of subjects, no significant effect was demonstrated in the putamen, accumbens area, and amygdala.
More studies with large datasets should be performed. Ostby et al 35 reported a linear decline with age in the caudate, putamen, pallidum, and accumbens areas, with a slight, nonlinear increase in the amygdala and hippocampus and with no significant difference in the thalamic region. The main reason for this difference is the different age ranges is as follows. Ostby et al reported on 171 subjects aged from 8 to 30 years; in the present study, the subjects were aged from 21 to 71 years. In subjects aged < 30 years, we found the same trend. Pfefferbaum et al, 36 through a longitudinal study, showed that a linear model was more suitable for modeling the decline in the volume of the putamen with age; in contrast, a quadratic model was more suitable for the thalamus, caudate, pallidum, and amygdala, with accelerated changes for elderly adults. In our study, we found a similar trajectory in all regions except the pallidum.
Unlike other nuclei, caudate nucleus demonstrated a U-shaped trend with aging, but no significance in this study. Using a large sample aged from 18 to 94 years, Potvin et al 37 suggested that the caudate volume decreased from adulthood to the 60s, and then increased, which is the same trend as our result. They also reported that all relationships between age and seven deep GM nuclei volume were nonlinear, including either the cubic or quadratic terms. Most of the human samples were Caucasian, and the 23 samples were from various countries (United Kingdom, United States, Australia, Belgium, Germany, and Canada) in their study and different age range from ours, which were likely explanations for the discrepancy with our findings. Previous studies have reported that the volume of the hippocampus followed a nonlinear decline with aging, 16, 36 similar to our results. Specifically, Long et al 16 and Pfefferbaum et al 36 reported that the volume of hippocampus increased until the age of 40 years, showed a slight increase from 40 to 50 years, and then decreased at the age of 50 years. This finding was consistent with our result. Subsequently, we observed similar changes were demonstrated in some of the hippocampal subfields, including the CA2/3, CA4, and GC-DG regions, and only the fissure volume was increased until the age of 70 years. The results showed a slight change trend in CA1 and molecular layer subfields, which need more studies with larger subjects to confirm. A recent study indicated that the CA1-3, subiculum, and DG volumes within the hippocampal body were negatively associated with age, following a nonlinear relationship with age. 38 However, the total CA1-3 volume demonstrated no statistically significant association with age. Another study, 39 including 202 subjects aged from 8 to 82 years, reported that the CA1-2 volume was linearly negative and the CA3-DG volume was nonlinearly (quadratic) negative with age. However, the subiculum volume showed no age differences. In contrast to our findings, the difference between the two studies and our study may be mainly due to the difference in the defined regions and segmentation technology. In the first study, CA1-3 was considered a whole region; in our study, we divided it into two regions, CA1 and CA2/3. In the second study, the subiculum measurement included the subiculum, presubiculum, and parasubiculum; however, we measured the volume of these three areas separately.
To our knowledge, few researchers have studied the relationship between age and the hippocampus divided into 13 subfields. Using this technology, Maller et al 40 found
that the hippocampal tail volume in the major depressive disorder cohort was larger than that in normal subjects, providing evidence that the hippocampal tail volume could be a useful biomarker for sensitivity to anti-depressant medications. Further researches are needed to explore the functions of each subfield in the hippocampus. There are several limitations in this study. (i) It is cross-sectional; thus, longitudinal relationships cannot be inferred.
(ii) The range of age was slightly narrow, from 21 to 71 years. Adults older than 71 years were not included. Additionally, this study only reflected changes in the cerebral regions in adults and did not include data for adolescents and children. (iii) Our study is regional and cannot be generalizable to the entire population. (iv) The ideal sequences for volume measurements are isotropic (1 mm   3 ) sequences, but it is not isometric in this study. Further studies with isotropic sequences should be examined in the future. (v) Education status, which could have affected the results, was not considered in the study.
In conclusion, the present observations revealed the relationship between age and cerebral structure regarding the cortical thickness, LGI and subcortical volumes. Moreover, the hippocampus was divided into 13 subfields to investigate the relationship between age and hippocampal volume. The study validates some previous conclusions and reveals some new results, and we hope it may play a potential role in the easier separation of pathological processes by obtaining reference values due to aging.
